A Simplified Murine Intimal Hyperplasia Model Founded on a Focal Carotid Stenosis  by Tao, Ming et al.
The American Journal of Pathology, Vol. 182, No. 1, January 2013ajp.amjpathol.orgVASCULAR BIOLOGY, ATHEROSCLEROSIS, AND ENDOTHELIUM BIOLOGY
A Simpliﬁed Murine Intimal Hyperplasia Model Founded on
a Focal Carotid Stenosis
Ming Tao,* Christine R. Mauro,* Peng Yu,* John T. Favreau,y Binh Nguyen,* Glenn R. Gaudette,y and C. Keith Ozaki*From the Department of Surgery,* Brigham and Women’s Hospital, Harvard Medical School, Boston; and the Department of Biomedical Engineering,y
Worcester Polytechnic Institute, Worcester, MassachusettsAccepted for publicationC
P
hOctober 2, 2012.
Address correspondence to
C. Keith Ozaki, M.D.,
Department of Surgery,
Brigham and Women’s
Hospital, Harvard Medical
School, 75 Francis St.,
Boston, MA 02115. E-mail:
CKOzaki@partners.org.opyright ª 2013 American Society for Inve
ublished by Elsevier Inc. All rights reserved
ttp://dx.doi.org/10.1016/j.ajpath.2012.10.002Murine models offer a powerful tool for unraveling the mechanisms of intimal hyperplasia and vascular
remodeling, although their technical complexity increases experimental variability and limits wide-
spread application. We describe a simple and clinically relevant mouse model of arterial intimal
hyperplasia and remodeling. Focal left carotid artery (LCA) stenosis was created by placing 9-0 nylon
suture around the artery using an external 35-gauge mandrel needle (middle or distal location),
which was then removed. The effect of adjunctive diet-induced obesity was deﬁned. Flowmetry, wall
strain analyses, biomicroscopy, and histology were completed. LCA blood ﬂow sharply decreased by
w85%, followed by a responsive right carotid artery increase of w71%. Circumferential strain
decreased by w2.1% proximal to the stenosis in both dietary groups. At 28 days, morphologic
adaptations included proximal LCA intimal hyperplasia, which was exacerbated by diet-induced
obesity. The proximal and distal LCA underwent outward and negative inward remodeling, respec-
tively, in the mid-focal stenosis (remodeling indexes, 1.10 and 0.53). A simple, deﬁned common
carotid focal stenosis yields reproducible murine intimal hyperplasia and substantial differentials in
arterial wall adaptations. This model offers a tool for investigating mechanisms of hemodynamically
driven intimal hyperplasia and arterial wall remodeling. (Am J Pathol 2013, 182: 277e287; http://
dx.doi.org/10.1016/j.ajpath.2012.10.002)Supported by the National Heart, Lung, and Blood Institute (grant
T32HL007734), the American Heart Association (grants 12GRNT9510001
and 12PRE9020036), and the Carl and Ruth Shapiro Family Foundation.Arterial occlusive disease remains a major health issue in
developed nations, affecting approximately 35% of the adult
population in the United States.1e3 Various open and
endovascular procedures are currently used to treat occlu-
sive lesions; however, postprocedure intimal hyperplasia
and vascular wall maladaptation in treated arteries continue
to plague these interventions in as many as 50% of patients,
leading to recurrent end-organ ischemia.4e6
To understand the mechanisms of intimal hyperplasia
and arterial wall remodeling, many animal models (eg,
pig, rabbit, rat, and mouse) have been generated using
chemical, mechanical, and electrical approaches to induce
arterial injury. The mouse species holds great appeal
because of advanced genetic knowledge. Murine common
carotid artery (CCA) blood ﬂow cessation via complete
ligation and ﬂow restriction via outﬂow branch ligation
models have been popular approaches in the investigation
of neointimal hyperplasia and vascular remodeling.7e9 Instigative Pathology.
.the complete ligation model, blood ﬂow in the left carotid
artery (LCA) is disrupted by a ligature near the bifurca-
tion; at 4 weeks, this manipulation results in blood ﬂow
cessation, substantial luminal area reduction, extensive
smooth muscle celledominant intimal hyperplasia, and
matrix deposition.7 Though technically simple, this model
lacks direct clinical relevance. In contrast, the outﬂow
branch ligation model requires advanced microsurgical
skills and yields only limited intimal hyperplasia.9
Combining the simplicity of complete carotid artery
ligation with the hemodynamic principles of outﬂow branch
ligation, we hypothesized that ﬂow perturbation via a high-
grade focal stenosis would yield arterial intimal hyperplasia
and arterial wall remodeling. Herein, we detail the technical
Figure 1 Schematic of the mouse mid-focal stenosis and distal-focal
stenosismodels.A: Left carotid artery.B: A 9-0nylon suture is tied around the
common carotid artery and a 35-gauge blunt needlemandrel; then the needle
mandrel is removed. C: Mid-focal (2.5 mm proximal to bifurcation) stenosis
model. D: Distal-focal (1 mm proximal to bifurcation) stenosis model.
Tao et alaspects and the physiologic and biological outcomes of this
model.
Materials and Methods
Animals
Eight-week-old male C57BL/6J mice (The Jackson Labo-
ratory, Bar Harbor, ME) were used for experimentation
including ﬂow studies (n Z 10), speckle tracking circum-
ferential strain analysis (nZ 9), mid-focal stenosis (nZ 12),
distal-focal stenosis (n Z 16), and dietary modulation
(n Z 16). From 7 weeks onward, animals were fed either
standard chow (10 kcal% fat) or a high-fat diet [60 kcal%
fat, diet-induced obesity (DIO); Research Diet, Inc., New
Brunswick, NJ]. All animal experiments were performed
according to protocols approved by our local institutional
animal care and use committee and complied with the
Guide for the Care and Use of Laboratory Animals (NIH
Publ No. 85-23, revised 1996).
Murine Model of Mid- and Distal-CCA Focal Stenosis
and Morphometry
Mice were placed in an induction chamber with 2% iso-
ﬂurane, and anesthesia was maintained using continuous
1.25% to 1.5% isoﬂurane inhalation through a nose cone.
Surgical procedures were conducted aseptically, and animal
body temperature was maintained at 37C on a heated water
pad. A vertical midline neck incision was made, and the LCA
was carefully dissected out using a surgical microscope
(Zeiss OPMI-MD, 4 to 24 magniﬁcation; Carl Zeiss
GmbH, Oberkochen, Germany). A focal stenosis was created
by tying a 9-0 nylon suture at 2.5 mm (mid-focal stenosis) or
1.0 mm (distal-focal stenosis) (Figure 1) proximal to the
carotid bifurcation around the CCA and a 35-gauge blunt
needle (o.d. 0.14 mm) (item No. NF 35 BL; World Precision
Instruments, Inc., Sarasota, FL). The needle mandrel was
then gently removed to restore blood ﬂow. This manipulation
caused a lumen diameter reduction ofw78%. The mice were
allowed to recover and were maintained on their assigned diet
for 4 weeks after the surgery. At day 28 after the initial
surgery, the mice were euthanized under isoﬂurane anes-
thesia and perfusion ﬁxed. The chest was opened, and the left
ventricle of the heart was punctured using a 25-gauge cannula
for perfusion of lactated Ringer’s solution under physiologic
pressure for 2 to 3 minutes. Blood was drained through an
incision in the inferior vena cava, and the perfusion solution
was changed to 10% neutral buffered formalin (4% formal-
dehyde) for an additional 5 minutes. The LCA and right
carotid artery (RCA) were harvested and ﬁxed overnight in
the same ﬁxation solution.
Specimens were dehydrated and cleared through various
concentrations of ethanol or xylene, and embedded in
parafﬁn. For themid-focal stenosis model, serial sections (6 mm
thick) were collected at 200-mm intervals from proximal278and distal to the focal stenosis (1.4 mm on each side),
totaling 2.8 mm total length captured. For the distal-focal
stenosis model, consecutive serial sectioning was started at
the ligature site because of the easily visible black suture
material (used as a landmark). Serial sections were again
collected at 200-mm intervals. Eighteen sections of the
LCA with distal focal stenosis were collected and
analyzed, representing an w3.6-mm segment of the entire
proximal length.
Masson’s trichrome stain was used to visualize the arterial
wall structures. Digitized images of those vessels were ob-
tained and analyzed using a computerized imaging system
(Zeiss Axio A1 microscope, high-resolution camera, Vision
4.7 software for Windows; Carl Zeiss). Morphometric anal-
ysis was performed by tracing the interior surface of the
lumen, the internal elastic lamina (IEL), and the external
elastic lamina (EEL). The area was calculated from the
measured circumference assuming a circular structure under
in vivo conditions; luminal, intimal (IEL  Lumen), and
medial (EEL  IEL) areas were calculated. The sham-
operated LCA and the contralateral carotid morphometric
data from both groups were obtained from 5 (mid-focal
stenosis) or 10 (distal-focal stenosis) sections and averaged to
determine the mean value for each mouse.ajp.amjpathol.org - The American Journal of Pathology
Figure 2 Microscopic analyses in the mid-focal stenosis model. Representative vascular endothelial cell, vascular smooth muscle cell (VSMC), macrophage,
and collagen-stained images of mid-focal stenosis in carotid arteries in C57BL6 mice (standard chow) at day 28. The sections were taken at the 600- to 1200-mm
(proximal to its focal stenosis) locations. Red line represents the internal elastic lamina. LCCA, left common carotid artery; RCCA, right common carotid artery.
Scale bars Z 50 mm.
Mouse Arterial Intimal Hyperplasia ModelImmunohistochemistry
Endothelial cells, vascular smooth muscle cells, and macro-
phages in the arterial wall were deﬁned via immunohisto-
chemistry using rat anti-mouse CD31 (1:100; CM 303 A,
Biocare Medical, LLC, Concord, CA), mouse anti-human
a-actin (1:1000; Sigma-Aldrich Corp., St. Louis, MO), and
rat anti-mouse F4/80 (1:100; MCA497, AbD Serotec, Inc.,
Raleigh, NC), respectively. In brief, the sections were
incubated with primary antibodies overnight at 4C and
then with appropriate secondary antibodies correspondingly
at room temperature for 1 hour (1:200 dilution; Vector
Laboratories, Inc., Burlingame, CA). ABC and DAB detec-
tion kits (Vector Laboratories) were used for visualization.
Negative controls were also performed simultaneously.
Collagen in the vessel wall was stained using Sirius red
(direct red 80, catalog No. 365548; Sigma-Aldrich Corp.)
and visualized via polarized light using a Zeiss Axio A1
microscope (Carl Zeiss).
Flowmetry
To investigate the quantitative decrease in blood ﬂow after
creation of the focal stenosis, blood ﬂow was measured in
a separate group (nZ 10). The animals were anesthetized as
described, and both carotid arteries were freed of surrounding
tissues. The ﬂow rate was measured bilaterally before and at
15 to 20 minutes after creation of the focal stenosis via an
ultrasonic transit-time volume ﬂow meter (TS420, 1PRB
ﬂow probe; Transonic Systems, Inc., Ithaca, NY) and dataThe American Journal of Pathology - ajp.amjpathol.orgacquisition system (PowerLab 4/30, LabChart version 7.0.2
software for Windows; ADInstruments, Inc., Colorado
Springs, CO). Zero ﬂow was adjusted in surgical lubricant
medium [Surgilube (chlorhexidine gluconate); Fougera
Pharmaceuticals Inc., Melville, NY]. All data were recorded
using consistent respiratory and heart rate parameters.
Determination of Arterial Wall Shear Stress
Peak and mean arterial wall shear stress was calculated for
both the LCA and RCA immediately before and after creation
of focal stenosis in the distal-model. For blood ﬂow within
a vessel (inelastic, circular, or straight vessel with laminar
blood ﬂow), shear stress was deﬁned as t Z 32 mQ/pd3,
where t is the shear stress (in dynes per centimeter squared),
Q is the mean volumetric ﬂow rate (in centimeters cubed per
second), m is the blood viscosity (assumed to be constant at
3.3 cP), and d is the in vivo arterial lumen diameter (in
centimeters; in vivo external diameter minus average wall
thickness). Data were obtained at w2 mm proximal to the
focal stenosis using a ﬂow meter and recorded via the
PowerLab data acquisition system and LabChart software as
mentioned above. An additional 4 LCAs were perfusion ﬁxed
to determine mean arterial wall thickness (36.89 mm).
Strain Analysis
To deﬁne the effects of the focal stenosis on arterial wall
stretch, 9 additional animals (4 fed standard chow and 5 fed
the 60% high-fat diet) underwent the distal-focal stenosis279
Figure 3 Microscopic analyses in distal-focal stenosis model. Representative vascular endothelial cell (sections taken at 1200 mm proximal to the focal
stenosis), vascular smooth muscle cell (1400 mm), macrophage (600 mm), and collagen (1800 mm) stained images of distal focal stenosis in carotid arteries in
C57BL6 mice fed standard chow or DIO, at day 28. Red line depicts internal elastic lamina. Scale bars Z 50 mm.
Tao et almodel as described. To create a unique light intensity
distribution, a mixture of silicon carbide particles and
retroreﬂective beads was applied to the carotid adventitia.
High-speed videos of the vessel wall motion were recorded
at 250 frames per second with 8-bit depth using a CMOS
camera (Fastcam 1280PCI; Photron USA, Inc., San Diego,Figure 4 Mid-focal stenosis morphometry. A: Ideal luminal, intimal,
and medial areas relative to the mid-focal stenosis (x axis). Straight line
represents an average of 5 locations in the sham-operated animals (nZ 4).
Sham-operated animals had zero intima area, lumen area (0.08  0.01
mm2), and media area (0.02  0.002 mm2). Intimal hyperplasia was
observed primarily in LCA proximal to the focal stenosis. B: Area within
external elastic lamina showing negative remodeling in the carotid artery
distal to the mid-focal stenosis. Sham-operated animal area within external
elastic lamina was 0.10  0.01 mm2.
280CA) both before and after creation of the focal stenosis.
Displacement ﬁelds of the region proximal to the stenosis
were computed using high-density mapping, a whole-ﬁeld
image-based method used previously in our laboratory, with
reported accuracy of 0.2 pixels.10 In brief, a region of
interest was selected on the vessel wall proximal to the focal
stenosis. The region of interest was then divided into 16 
16-pixel regions (each approximately 144 mm2 in area), and
displacements of each region were computed via a phase
correlation algorithm with subpixel accuracy to yield
displacement ﬁelds. Mean circumferential and longitudinal
strains were computed from displacement ﬁelds for the
selected regions using the equation for Green’s strain,11 and
were calculated over an entire cardiac cycle by combining
consecutive frames. Total strain throughout individual
cardiac cycles was computed by determining the difference
between the maximum and minimum strain values for each
cardiac cycle. Mean circumferential and longitudinal strain
was calculated across at least 4 cardiac cycles for each
animal.
Ultrasound Biomicroscopy
Animals with a mid-carotid focal stenosis (n Z 8) and
sham-operated animals (n Z 4) underwent duplex ultra-
sound at days 4 and 27 using a high-resolution ultrasound
biomicroscopy technique (Vevo 2100 Imaging System
with 50/70 MHz linear array broadband transducers;
VisualSonics, Inc., Toronto, ON, Canada). Mice were
anesthetized using 1.25% to 1.5% isoﬂurane and kept on
a 37C heated platform to maintain body temperature.
Neck hair was removed using depilatory cream, and
Aquasonic 100H ultrasound transmission gel (Parker
Laboratories, Inc., Fairﬁeld, NJ) was applied. Data were
acquired at 1 mm proximal or distal to the focal stenosis,
ﬁrst using a B-mode sagittal view, then M-mode to record
wall dimensions. Wall dimensions of the RCA were
recorded 1 mm proximal to the carotid bifurcation.ajp.amjpathol.org - The American Journal of Pathology
Figure 5 Representative Masson’s trichrome-stained images of mid- and distal-focal stenosis models. A: Mid-focal stenosis of a carotid artery at intervals
proximal (left) and distal (right) to mid-focal stenosis in animals fed standard chow. B: Distal-focal stenosis of a carotid artery proximal to its focal stenosis in
animals fed standard chow. C: Distal-focal stenosis of a carotid artery proximal to its focal stenosis in mice with diet-induced obesity. The specimens were
analyzed at 4 weeks after surgery. Scale bars Z 50 mm.
Mouse Arterial Intimal Hyperplasia ModelA pulsed-wave Doppler velocity measurement was
obtained at the same locations, and the beam-to-ﬂow angle
was adjusted to 60 degrees. Efforts were made to keep the
depth of anesthesia and heart and respiratory rates
consistent when data were recorded. Color Doppler images
were also recorded to delineate disturbed ﬂow and carotid
artery patency.
Statistical Analysis
Results are given as mean  SEM. All statistical procedures
were performed using SAS for Windows (version 9.2;
SAS Institute, Inc., Cary, NC). The t-test, analysis of variance,
general linear model, and regression procedures were per-
formed for 2-group comparisons, multigroup comparisons,
and a model prediction. P < 0.05 was considered signiﬁcant.
Results
Murine Carotid Focal Stenosis Induces Arterial Intimal
Hyperplasia and Remodeling
Each surgical procedure was performed by a nonsurgeon
researcher in approximately 15 to 20 minutes, with 100%
survival rate. Histologic examination of carotid arteries
with focal stenosis yielded no substantial thrombus forma-
tion. Patency at 4 weeks among all animals (regardless of
diet) was 96%. In the standard chow group, 1 artery was
occluded, with extensive intimal hyperplasia and essentially
no lumen, and thus was excluded from data analysis.
This model reproducibly resulted in neointima formation
under different dietary conditions: 71% of animals in theThe American Journal of Pathology - ajp.amjpathol.orgstandard chow mid-focal stenosis group (n Z 7), 70%
of animals in the standard chow distal stenosis group
(n Z 10), and 100% of animals in the DIO distal stenosis
group (n Z 10).
The neointimal lesions contained a-actinepositive cells,
macrophages, and newly formed collagen. There was no
signiﬁcant difference between mid- and distal-focal stenosis
models at the proximal portion studied under standard
chow conditions insofar as a-actin smooth muscle cell
(0.64  0.07 versus 0.63  0.10 positive area/intima area;
P Z 0.93), macrophage (19.23  11.81 versus 35.22 
13.14 positive cells/intima area mm2; P Z 0.45), and
collagen content (0.18  0.03 versus 0.14  0.03
positive area/intima area; P Z 0.31), respectively. At
day 28, plateleteendothelial cell adhesion molecule-1
staining demonstrated an intact endothelial cell lining in
both models and under both dietary conditions (Figures 2
and 3).
Mid-Focal Stenosis Model
In response to ﬂow manipulation, the proximal LCA
exhibited substantial neointima formation and the distal
LCA displayed negative arterial wall remodeling
(Figures 4A and 5A). Morphometric analyses revealed an
increase in mean intimal (27.62  12.92 mm versus 0 mm;
P Z 0.02) and medial (35.04  2.98 mm versus 23.83 
1.02 mm; P Z 0.03) thicknesses compared with sham-
operated animals. Only limited neointima development was
observed distal to the mid-LCA stenosis, although there was
some medial thickening (32.60  2.14 mm versus 23.83 
1.02 mm; P Z 0.02). This was the area that exhibited281
Figure 6 Distal focal stenosis morphometry with dietary perturbations.
Morphometric analysis at 28 days after distal-common carotid focal stenosis.
A: Intimal area relative to distance proximal to the focal stenosis. Straight
line represents an average of 10 locations from the sham-operated animals
(n Z 6). Sham-operated animals had absolute values of intimal area of
essentially zero. The DIO chow accentuated the intimal hyperplasic response
(P < 0.001). B: Medial thickening was observed in both dietary groups
compared with sham-operated control mice [DIO (0.03  0.003) versus
standard chow (0.03 0.001) mm2]. C: Subtle differences (P< 0.01) in the
area within the external elastic lamina (reﬂective of total wall remodeling)
were observed between the 2 dietary groups. In sham-operated animals, the
area within the external elastic lamina was 0.11 0.01 mm2 in animals with
DIO, and 0.10  0.004 mm2 in the group fed standard chow, respectively.
Figure 7 Blood ﬂow, wall shear stress, and circumferential strain
analyses in distal-focal stenosis model. A: Peak and mean blood ﬂow before
and after focal stenosis. B: Peak and mean arterial wall shear stress at
baseline and after creation of the distal focal stenosis. C: Circumferential
strain in the proximal common carotid artery decreased immediately after
creation of the distal focal stenosis in animals fed standard chow or a high-
fat diet. *P < 0.05 between RCCA-Baseline and RCCA-Post, **P < 0.001
between LCCA-Baseline and LCCA-Post.
Tao et alnegative wall remodeling (Figures 4B and 5A). Luminal area
was reduced proximally (51.36%  5.58%) and distally
(63.43%  4.21%) by week 4 relative to sham-operated
animals. We also observed adventitial thickening at the
proximal (39.35  4.46 mm versus 19.80  2.05 mm; P Z
0.02) and distal (26.46  2.63 mm) segments compared with
the sham-operated animals. There was a statistically signiﬁ-
cant difference in adventitial thickness between proximal and
distal regions (P Z 0.04). The area within the IEL and EEL282was relatively large (even larger than in sham-operated
animals) at the most proximal portion of the CCA in the
mid-focal stenosis model. This indicates that by day 28, the
proximal portion of the LCA underwent outward remodeling
(Figures 4B and 5A; remodeling index, 1.10; R2Z 0.68; P <
0.001). The remodeling index was computed on the basis of 2
mathematical methods, one as the slope of the plot between
(I þ M) areas and the area within the EEL,12 and the other as
the ratio between EELlesion and EELsham areas. The resulting
remodeling index values for the 2 calculation methods were
1.10 and 1.01, respectively. In the present study, we report
slope as the remodeling index. Although the LCA distal to
the mid-focal stenosis did not exhibit signiﬁcant neointima
formation, it did reveal lumen reduction, as well as medial
and adventitial thickening accompanied by a decrease in the
area within the EEL, indicative of negative inward arterial
wall remodeling (remodeling index, 0.53).ajp.amjpathol.org - The American Journal of Pathology
Figure 8 Comparison of ultrasound measurements and morphometry.
A and B: Carotid artery dimensions (B-mode and M-mode). Data were
recorded 1 mm proximal to the mid-focal stenosis in systolic and diastolic
phases. C: A similar pattern of arterial lumen size was observed between the
2 methods.
Mouse Arterial Intimal Hyperplasia ModelDistal-Focal Stenosis Model
Due in part to the lack of substantial neointima formation
in the distal segment in the mid-focal stenosis construc-
tion, the focal stenosis site was moved to 1 mm from the
carotid bifurcation to potentially enhance tissue volume
and experimental utility (n Z 10 mice in the experi-
mental group, and n Z 6 in the sham-operated group).
The intimal hyperplasia was distributed along the entire
length of the arterial wall in analyzed sections (Figures 5B
and 6A), and the region susceptible to intimal hyperplasia
was located 1.8 to 3.4 mm proximal to the focal stenosis
in mice fed standard chow. Statistical analysis indicated
that distance is a signiﬁcant contributor to neointima
formation (P Z 0.005). The results consistently reﬂect
increased intimal (13.86  4.15 mm versus 0 mm; P Z
0.02) and medial (42.62  2.28 mm versus 27.27 
1.45 mm; P Z 0.001) thickness compared with sham-
operated animals.The American Journal of Pathology - ajp.amjpathol.orgDIO Exacerbates the Intimal Hyperplastic Response in
the Distal-Focal Stenosis Model
Mice with DIO and their controls (20 in the experimental
group and 12 in the sham-operated group fed the same
assigned diets) were examined in the distal-focal stenosis
model. Mice with DIO exhibited accentuated intimal
hyperplasia (Figures 5C and 6A) and lumen narrowing, and
the intima/media ratio at 2.0 mm proximal to the stenosis was
1.15 0.57 versus 0.38 0.14 (PZ 0.16). One mouse with
DIO in the sham-operated group developed insigniﬁcant
intimal lesions. Furthermore, the distance from the focal
stenosis was again a signiﬁcant contributor to neointima
formation (P < 0.001) in mice with DIO. There was no
signiﬁcant difference in medial thickness (42.76  2.66 mm
versus 42.62 2.28 mm) between the 2 diet groups; however,
both groups exhibited signiﬁcant media thickening (DIO
group, 42.76  2.66 mm versus 29.60  1.82 mm; standard
chow group, 42.62  2.28 mm versus 27.27  1.45 mm)
compared with sham-operated mice (Figure 6B). Again, the
proximal portion of the LCA underwent compensatory
outward remodeling by day 28 (Figure 6C). Cells positive for
a-actin were fewer in neointimal lesions in mice with DIO
compared with those fed standard chow (0.54  0.12 versus
0.63  0.11 positive area/intima area; P Z 0.18), and
animals with DIO exhibited increased macrophages in the
neointima area when compared with mice fed standard chow
(268.10  158.15 versus 35.22  13.14 positive cells/intima
area mm2; PZ 0.18).
Focal Stenosis Causes Acute Blood Flow and Wall Shear
Stress Reduction and Circumferential Strain Decrease
With the creation of the focal stenosis, lumen diameter and
luminal area decreased sharply by 78% and 92%, respec-
tively. The stenosis caused an immediate decrease in LCA
blood ﬂow by 85%  2.1% (range, 71% to 92%), with
a 70%  6.2% (range, 57% to 90%) increase in the
contralateral RCA ﬂow compared with the mean baseline
ﬂow (LCA 1.35  0.06 mL/min versus RCA 1.23 
0.04 mL/min; PZ 0.12). There was a signiﬁcant difference
between LCA and RCA in mean blood ﬂow after focal
stenosis (P < 0.001) (Figure 7A).
Formation of a focal stenosis also reduced peak and mean
wall shear stress in the stenosed carotid artery and sharply
increased wall shear stress in the contralateral carotid artery
in the distal-focal stenosis model. The mean wall shear
stress in the LCA was signiﬁcantly decreased (87.92  5.08
versus 8.92  1.21 dynes/cm2; P < 0.001). In contrast, wall
shear stress tended to increase (73.08  6.92 versus 89.14 
5.30 dynes/cm2; P Z 0.11) in the RCA after contralateral
focal stenosis (Figure 7B).
Strain analysis demonstrated a consistent decrease in
circumferential strain of approximately 2.1% in both dietary
groups, with a statistically signiﬁcant decrease in the DIO
group only (P Z 0.04; Figure 7C). Longitudinal strain was283
Figure 9 Duplex ultrasonography. A and B: Representative longitudinal color Doppler images of proximal and distal LCA after mid-focal stenosis creation
at days 4 and 27. Duplex ultrasonography conﬁrmed the luminal narrowing with ﬂow acceleration at the stenosis and otherwise laminar ﬂow. Arrows indicate
the focal stenosis site. C and D: Pulsed-wave mode velocity at proximal and distal LCA after mid-focal stenosis; data were obtained 1 mm proximal to the focal
stenosis at day 27. E and F: Peak and mean blood ﬂow proximal and distal relative to the mid-LCA focal stenosis and in the contralateral right carotid artery at
days 4 and 27, compared with sham-operated animals.
Tao et alexamined at baseline and after creation of the distal-focal
stenosis in animals fed standard chow and those with DIO.
No differences were noted between the groups (data not
shown).
Ultrasound Biomicroscopy Can Serve as an
Experimental Adjunct in this Model
Bilateral carotid arteries were imaged in the animals with
mid-focal stenosis via duplex ultrasonography at days 4 and
27 after surgery to determine whether creation of focal
stenosis acutely induced disturbed ﬂow and to monitor the
patency of the carotid arteries. Data were recorded at peak
systolic (Figure 8A) and end diastolic (Figure 8B) phases, as
measured using Vevo system software version 1.4.1 (Visu-
alSonics). To validate the accuracy of ultrasound measure-
ments, carotid dimensions measured via ultrasonography
were compared with morphologic measurements at day 28.
The ultrasound measurements displayed the same patterns as284the respective histologic data, but with generally larger
dimensions. There were strong correlations between histo-
logic and ultrasound measurements made proximal to the
mid-LCA focal stenosis (R2 Z 0.88; P Z 0.002) and the
RCA (R2 Z 0.69; P Z 0.04). Duplex ultrasonography
conﬁrmed the presence of luminal narrowing, with ﬂow
acceleration at the level of the stenosis via color Doppler, but
ﬂow was otherwise laminar. Waveforms distal to the luminal
narrowing were consistent with a high-grade proximal
stenosis (Figure 9).Discussion
In the present study, a new technique was introduced to
manipulate blood ﬂow via creation of a focal stenosis in the
carotid artery in mice. This method reproducibly lowers the
blood ﬂow and circumferential wall strain in the presence of
an intact endothelial cell lining and results in consistentajp.amjpathol.org - The American Journal of Pathology
Mouse Arterial Intimal Hyperplasia Modelintimal lesion formation along with deﬁned morphologic
features in the arterial wall at day 28. The key advantage of
this approach over previous descriptions is its technical
simplicity.
The model builds on previous strategies that disturbed
mouse CCA blood ﬂow cessation by complete ligation or
ﬂow restriction via outﬂow branch ligation.7e9 The low wall
shear stress hemodynamics and subsequent intimal hyper-
plasia of the current model probably most closely mimic
that in the proximal segment described by Cheng et al.13 In
that report, a specialized ﬂow-limiting, bivalved, poly-
etherketone cast (i.d. tapering from 500 to 250 mm) resulted
in w70% carotid stenosis, and intimal hyperplasia (intima/
media ratio 1.38 at 9 weeks) in the low wall shear stress
segment proximal to the stenosis. In the distal common
carotid focal stenosis model, the intima/media ratio at 4
weeks was 1.15 at 2 mm from the stenosis in the mice with
DIO. Key differences between the article by Cheng and
colleagues13 and the present report are that we used wild-
type animals (as opposed to their ApoE/ knockout
mice), and technical skills to place a sophisticated cast
(which may lead to more foreign body reaction than a small
monoﬁlament suture) may be not necessary in our model.
In the present model, placement of the focal stenosis in
the mid- or distal-CCA yielded different wall adaptations. In
both settings, w70% of mice exhibited intimal hyperplasia
(w22% of total wall area) by 4 weeks while being fed
a standard chow diet. The mid-focal stenosis model resulted
in both outward (proximal segment) and inward (distal
segment) remodeling in the same vessel, making it an
attractive approach to study such hemodynamically induced
wall changes. Conversely, placement of the focal stenosis in
the distal CCA seems optimal for interrogation of intimal
hyperplasia. A DIO diet accentuates the intimal hyperplasic
response. Dietary manipulations have a longstanding role in
animal models of vascular disease.14 The DIO setting likely
exacerbates intimal growth by causing enhanced smooth
muscle cell migration and proliferation and by promoting
macrophage foam cell formation and inﬂammatory cell
inﬁltration.15 This distal-focal stenosis model of intimal
hyperplasia formation (without complete vascular occlu-
sion) yields substantial tissue volume of this key end point,
thus facilitating testing of interventions designed to atten-
uate intimal hyperplasia. Although we meticulously serially
sectioned, stained, and assayed the artery for several milli-
meters of length in the proximal segments, a single section
about 2.5 to 3.0 mm proximal to the stenosis probably well
represents the propensity of the artery to develop intimal
hyperplasia.
The ﬂuid dynamics of blood ﬂow in arteries with severe
stenosis have been extensively described. In vivo, arteries
are subjected primarily to 2 mechanical forces: wall shear
stress, primarily affecting the endothelial cells, and cyclic
stretch, primarily affecting smooth muscle cells.16 Previous
in vitro studies have analyzed the effects of residual strain17
and various levels of cyclic strain18,19 on arterial cells. In theThe American Journal of Pathology - ajp.amjpathol.orgpresent study, high-density mapping strain analyses indi-
cated a decrease in the degree of cyclic strain in the
circumferential direction throughout the cardiac cycle in the
segment proximal to the focal stenosis. Although we did
not directly isolate the effects of cyclic strain from other
mechanical and biological forces in vivo, decreased cyclic
strain has been correlated with an increase in reactive
oxygen species production,19 which suggests a pathway by
which neointima is propagated in this model.
The biomicroscopy results support generally laminar ﬂow
in these models except at the focal stenosis. While the wall
shear stress, strain, and microscopic studies presented focus
on these laminar ﬂow areas, the hemodynamics in vivo are
certainly highly complex along the length of the artery. Tang
et al20,21 reported that ﬂuid-structure interactions have an
important role in severely stenotic arteries. Their models
were based on human magnetic resonance imaging of carotid
plaques with ﬂuid-structure interaction considerations, and
they reported that carotid stenosis causes high ﬂow velocity,
elevated shear stress, and low or even negative pressure at the
throat of the stenosis, as well as low oscillating shear stress,
ﬂow separation, and wall compression at the distal portion of
the stenosis. In other experimental conditions modeling
a high-grade stenosis,22e24 downstream pressure reductions
were induced in the artery during peak ﬂow. The mid- and
distal-focal stenosis models (in particular when combined
with contemporary approaches such as ﬂowmetry, high-
frequency ultrasound biomicroscopy, and wall strain anal-
yses) are powerful tools for evaluation of the complex
interplay between pulsatile biomechanical forces and
vascular wall adaptations25,26 in the context of the mouse.
In vivo biomicroscopy has been used for multiple appli-
cations in mice including longitudinal studies of plaque
formation in the CCA.27e29 We found utility in noninvasive
high-resolution ultrasound biomicroscopy. That approach
offered longitudinal calculation of blood velocity and
visualization (lumen size measurement) of both carotid
arteries, and the focal stenosis served as a useful landmark
for acquiring data at a consistent anatomical location. There
was some technical challenge in determining accurate
maximum pulsed-wave velocity values (in millimeters per
second) in the LCA distal to the mid-carotid focal stenosis
because of the low ﬂow rates. Ultrasound anatomical data
correlated well with the histologic measurements, although
there were subtle differences (probably related to histology
ﬁxation artifact, as we have described previously30).
Limitations of this model and study are acknowledged.
Like the complete ligation model, focal stenosis does not
directly mimic an inciting clinical anatomical situation;
rather, it likely creates the disturbed hemodynamic forces
(eg, lowered wall shear stress) that subsequently drive
a neointimal hyperplastic response. In the present study,
blood pressure after focal stenosis creation was not deter-
mined because of technique challenges. In a previous
report,9 there was no statistically signiﬁcant difference in
blood pressure between a ligation group and sham-operated285
Tao et alanimals. We optimized this model for a speciﬁc mouse
strain and age, and adjustments (eg, different-sized mandrel)
would likely be necessary to recreate the reported hemo-
dynamic circumstances in other animal groups. High-
density mapping strain analyses used herein are limited in
that, because of technical reasons, only the segment prox-
imal to the stenosis was analyzed for and only relative strain
between diastole and systole was measured. Without the
zero stress state, it is not possible to determine the absolute
stretch applied to the vessel walls. However, we provide
direct evidence for the usefulness of such mechanical wall
studies even on the scale of the mouse carotid artery, and
future studies could focus on various speciﬁc locations
along the length of the artery to gain better understanding of
the interplay between the initial mechanical forces and
biological adaptations. In the animals fed standard chow,
only 70% developed neointimal hyperplasia, and thus
a dietary adjunct may be necessary when evaluating inter-
ventions to abrogate this hyperplastic response. However,
the high-fat diet may limit the relevance of the model for
some clinical conditions. Finally, we focused our morpho-
logic studies on the 28-day time point, which has histori-
cally stood as a benchmark for murine intimal hyperplasia
studies. More proximal time points may shed mechanistic
insights.
In conclusion, blood ﬂow manipulation via creation of
focal stenosis is a straightforward and ﬂexible technique for
generating hemodynamically induced murine arterial wall
intimal hyperplasia and positive and negative wall remod-
eling. A high-fat diet exacerbates the intimal hyperplastic
response; ﬂowmetry, ultrasound biomicroscopy, and wall
strain studies serve as useful experimental adjuncts for this
model. This novel mouse model offers a simple tool for
dissection of the complex biological events that link
hemodynamic forces and vascular wall adaptations.
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